In the piping system such as power plants, the pipe wall thinning caused by flow accelerated corrosion (FAC), liquid droplet impingement (LDI) erosion, and cavitation erosion (C/E), are very serious problems because they lead to serious damage and destruction of the piping system. In this study, the pipe wall thinning caused by FAC in the downstream of an orifice (flow meter) was examined. Experimental and numerical analyses were carried out to clarify the characteristics of FAC, generation mechanism, and to propose of a new governing parameter for the prediction of the thinning and a reduction method. The corrosion pattern on the pipe wall was also examined by an experimental analysis. This clarified that the occurrence of thinning mainly depends on the amount of the pressure fluctuation p' on the pipe wall. It was also found that the wall thinning rate TR can be estimated by p' and that the suppression of p' or TR can be realized by replacing the orifice with a tapered one having an angle to the upstream or by using a downstream pipe with a smaller diameter than that of the upstream of the orifice.
Introduction
The piping system of power plants, chemical plants, etc. the pipe wall thinning caused by the flow accelerated corrosion (FAC), liquid droplet impingement (LDI) erosion, and cavitation erosion (C/E) are very serious problems because they lead to serious damage and the destruction of the piping system (Yoneda, et al., 2006 (Yoneda, et al., , 2007a (Yoneda, et al., ,b, 2008 (Yoneda, et al., , 2009 (Yoneda, et al., , 2010 .
In this study, the pipe wall thinning by FAC in the downstream of an orifice, flow meter, was investigated by experimental and numerical analyses. The experimental analysis was performed by using tap water, pipe with inner diameter of D = 40.0 mm, and a few types of nozzle (Fig.4) . The characteristics of FAC, the generation mechanism, the estimation of the wall thinning rate and a suppression method were examined by experimental and numerical analyses. FAC is caused by some complex factors including mechanical erosion and electro-mechanical or electro-chemical corrosion, and then it has to be examined from the point of view of material science, electro-chemical and hydrodynamics. The pipe wall surface corroded by FAC exhibits a scale-like or flaky pattern (Figs.1, 2) , and through the present experimental analysis we can construe that one of the major reasons could be mechanical erosion by flow fluctuation. In general, it has been explained that FAC in the downstream of an orifice is mainly caused by the effects of flow fluctuation, which can be expressed by turbulent kinetic energy k or fluctuated wall shear stressτ wx near the wall; moreover, estimation of the thinning rate has also been performed (Yoneda and Morita, 2006, 2007a) . However, measuring k orτ wx is usually slightly troublesome, and hence, we proposed the pressure fluctuation p' as a governing parameter instead of k orτ wx with the aid of a relationship between p' and k orτ wx (Shakouchi, et al., 2012 , Utanohara, et al., 2012 , Kiwata, et al., 2013 , Bignold, et al., 1981 , Hinze, 1959 , Kim, et al., 1987 , Willmarth, 1975 . It is easy to measure p' on the pipe wall using a semi-conductor-type small pressure sensor.
It was also found that the thinning rate TR can be estimated by p', and that the suppression of p' could be realized by replacing the orifice nozzle to that with a tapered angle to the upstream or by replacing the downstream pipe of orifice nozzle to a smaller one. The suppression of p' leads to a reduction of the wall thinning. The results of the relation between p' and the thinning rate were also examined. Figure 3 shows the schematic diagram of the experimental set-up. A pump was used to send the necessary amount of tap water through an electromagnetic flow meter into the pipe test section, and the pipe test section was made of transparent acrylic resin whose total length of L = 2,650 mm and was set vertically. An orifice nozzle was set at 40D downstream of the inlet of the test section. The water passing the test section flowed back to the water tank and was circulated. A portion of the water in the tank was continuously replaced in order to maintain the water at a constant temperature. The pressure fluctuation in the test section due to pump operation did not appear because of a pipe line long enough to the test section, by-path line downstream of the pump and inverter control of pump.
Experimental apparatus and procedure
The mean and fluctuating pressure distributions on the pipe wall in the up-stream and down-stream of the orifice were measured by small pressure holes of a diameter 0.8mm, a water column manometer and a semi-conductor type small pressure transducer (JTEKT, PD104SW-100K). The related pressure and primary resonance frequency of the transducer is 100 kPa and more than 6 kHz, respectively. The measurement time of the pressure fluctuation p' was 2.5 seconds and sampling frequency was 1.0 kHz, and the mean value of 10 times measurements was used. The dominant frequency of p' was in about 6～8 Hz in the present study. Figure 4 (a) shows a standard orifice (made according to JIS Z 8762, hereafter referred to as Std) and the x-y coordinate system. The contraction area ratio of the orifice was CR = 0.36, the inner diameter of the nozzle and pipe had constant value of d = 24.0 mm and D = 40.0 mm, respectively, the plate thickness was t = 4.0 mm, and the clearance angle of the outflow side was constant at 45°. The Std-rev orifice which reversed the direction of the orifice was also 
Experimental results and discussions 3.1 Flow rate coefficient, C
The flow rate coefficient C is defined by horse shoe scale (Yoneda, et al., 2006) where, A 0 : cross sectional area of orifice, p 1 , p 2 : estimated pressure just before and after orifice, respectively Figure 5 shows the flow rate coefficient C of the orifice with CR = 0.36. The pressure loss (p 1 -p 2 ) was obtained as an estimated pressure difference just before and after the orifice. p 1 and p 2 was estimated by the experimental result of linear pressure distribution following the Blasius relation in the upstream and downstream of orifice, respectively (Kinoshita, 2014) . For Std, C had a constant value of 0.687 in the range of 1.0×10 4 ＜Re＜6.5×10 4 , this result agrees well with the specification of the JIS with less than ± 0.5 % of errors for the maximum. Std-rev, Pipe-24.0 and Std-D p =35.2mm are also shown a constant value of C, and they can use as orifice flow meter. However, the value of C of Std-rev and Pipe-24.0 were much larger than that of Std because the outflow from the orifice is more stable. Std-Dp =35.2 (C=0.683) A large C means a small pressure loss under a same flow rate, and then a more highly precise pressure measurement is necessary. Yoneda and Morita (2006, 2007a) performed the experimental and numerical analyses for the turbulent kinetic energy k in the downstream flow of an orifice nozzle, and they showed that the pipe wall thinning rate TR (Fig.2) depends on k near the wall and is maximum at where k is maximum, y= (0.4～0.7) y R , where y r : reattachment distance. Recently, Utanohara, et al. (2012) and Kiwata, et al. (2013) showed that wall shear stressτalso has some relation with TR. Figure 2 shows the results of wall thinning in A-and B-piping systems of Mihama nuclear power plant, plant 3, Japan, which are condensing unit and an orifice flow meter, respectively. Although their results are interesting, in general, it is not so easy to measure the distribution of k orτ in the downstream of an orifice. It is well known that there is some correlation between k orτ near the pipe wall and the pressure fluctuation p' (Shakouchi, et al., 2012 , Utanohara, et al., 2012 , Kiwata, et al., 2013 , Bignold, et al., 1981 , Hinze, 1959 , Kim, et al., 1987 , Willmarth, 1975 , hence, the use of p' was preferred over k orτbecause it is much easier to measure p' than k orτ. Bignold, et al.(1981) and Yoneda, et al.(2006 Yoneda, et al.( , 2007a showed the relation between the maximum wall thinning rate TR max and the mean velocity u m in the pipe ( From these equations, it is known that TR max can be expressed by p' max . Figure 8 shows the pressure fluctuation p' (r.m.s. value) of Pipe nozzle [ Fig.4(b) ]. The distribution of p' in the downstream of Pipe nozzle almost corresponds to the wall thinning (Fig.2) 
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Numerical analysis
In order to estimate the flow pattern and the distribution of turbulent kinetic energy for various flow passages, numerical analysis by CFD-2000 using k-ε turbulent model was carried out. generates a shear layer with a large velocity gradient and a large turbulent kinetic energy. Figure 13(a) shows the velocity vector of Std-rev. Since Std-rev has a tapered portion on the upstream side of the orifice edge the stream flows in smoothly and the turbulence level appeared in Fig.13(b) decreases comparing with Std [ Fig.12(b) ]. Figure 14 shows the k of Pipe nozzle with the thickness t = 8.0, 24.0 mm. k of Pipe-8 is smaller than that of Std, and as increasing t (= 24 mm) k decreases more. These agreed well with experimental results (Kinoshita, 2014) .
In order to decrease k more, Tapered pipe was tried which is shown in Fig.15 . k of Tapered pipe is smaller than that of Pipe nozzle or Std, and increasing t (= 24.0 mm) it becomes much smaller. Figure 16 shows k and C Figure 18 shows C and k of Std-D p . In the figure, the experimental results of C are also shown. C is almost constant and numerical results take a little larger value than those of the experimental results, but the numerical analysis of C can express the experimental results well. k decreases with decreasing D p , where t' = (D -D p )/2. For example, k of Std-D p =35.2mm decreases approximately 9.5 % than that of Std. This is approximately same as the experimental results of p'.
In consequence, in this study it is thought that Std-D p , for example D p = 35.2 mm, is the most suitable orifice in order to use as a flow meter and to reduce wall thinning because it has almost same flow rate coefficient C of Std and a smaller pressure fluctuation p' or turbulent kinetic energy k than that of Std.
Conclusions
In this study, the pipe wall thinning in the downstream of an orifice nozzle, FAC, was examined by experimental and numerical analyses. Major results are as follows.
(1) The wall thinning rate TR in the downstream of an orifice nozzle can be estimated by the pressure fluctuation p' on the pipe wall. Where, the decrease of p' or turbulent kinetic energy k leads to the decrease of TR. (2) Pipe-and Tapered pipe-nozzles can reduce p', for example Tapered pipe with t = 16.0 mm can decrease it approximately 43% than that of Std. But, the flow rate coefficient C is larger than that of Std. This means a more accurate measurement of pressure difference before and after orifice than that for Std is necessary. 
